The thermodynamics of hydrogen absorption in Pd-capped Mg films are strongly dependent on the magnesium thickness. In the present work, we suppress such dependency by inserting a thin Ti layer between Mg and Pd. By means of optical measurements, we show that the surface energy contribution to the destabilization of MgH 2 is negligible. The inserted Ti layer prevents Mg-Pd alloy formation at the Mg/Pd interface, leading to quasifree Mg films and enhancing the kinetics of hydrogen desorption. Our observations are important for the development of thin film devices.
The thermodynamic and kinetic properties of metalhydrides need to be drastically improved to make them a viable solution for hydrogen storage. Thanks to its relatively high volumetric and gravimetric capacities and its low cost, magnesium hydride has been proposed as an excellent hydrogen storage system. 1 However, the kinetics of hydrogen uptake and release in magnesium are poor and the thermal stability of its hydride, MgH 2 , is too high. For practical applications in fact, assuming that the only relevant entropic contribution is due to the entropy loss of gaseous hydrogen, an ideal hydrogen storage system should have an enthalpy of hydride formation of about −40 kJ/ mol H 2 , in order to release hydrogen at a pressure of 10 5 Pa at room temperature. The formation of MgH 2 , however, releases 74.4 kJ/ mol H 2 , leading to an equilibrium pressure of 10 5 Pa at ϳ300°C. Tuning the thermodynamics of hydrogen absorption in Mg has so far been achieved by means of proper doping, 2, 3 although this generally results in a reduction of the material's storage capacity. Some destabilization upon reduction of the Mg particle size has also been observed experimentally 4 and predicted theoretically. 5, 6 In our group, we have recently demonstrated the possibility of tuning the thermodynamics of hydrogen absorption in Mg thin films by means of elastic clamping.
7 By "sandwiching" thin Mg films between layers of elements which form stable alloys with Mg ͑such as Pd or Ni͒, we were able to increase the equilibrium pressure of hydrogen absorption by more than two orders of magnitude with respect to pure Mg in bulk. This destabilization is of elastic nature and it originates from the formation of Mg-Pd ͑or Mg-Ni͒ alloy at the interface between the two elements. On the contrary, Mg films sandwiched between layers of elements which are immiscible with Mg ͑such as Ti, Nb, and V͒ do not feel significant elastic clamping. In the present work, we compare the absorption isotherms already obtained for "Pd-capped" Mg films of different thicknesses, in which the elastic clamping has a significant effect, with layers of identical thickness but in which the Pd/Mg interface has been removed by the insertion of a thin layer of Ti, which we will call "Ti-buffer" samples. The samples are deposited in a ultra-high vacuum system ͑base pressure of 10 −6 Pa͒ by dc/rf magnetron sputtering of Mg ͑99.95%͒, Ti ͑99.999%͒, and Pd ͑99.98%͒ targets in argon atmosphere, on transparent substrates kept at room temperature. The films are covered with Pd to prevent oxidation and promote hydrogen dissociation and absorption. In all the samples discussed in the present work a 10 nm layer of Ti is deposited before Mg in order to reduce clamping effects from the substrate. 7 Hydrogen loading isotherms are measured at 333 K by means of hydrogenography, 2 an optical technique in which the amount of light transmitted through a thin film is continuously monitored while slowly increasing the hydrogen pressure at a͒ Author to whom correspondence should be addressed. Electronic mail: abaldi@few.vu.nl. constant temperature. The output of a hydrogenography experiment is therefore a pressure-optical transmissionisotherm ͑PTI͒. A PTI is equivalent to a standard pressure-composition-isotherm, 8 thanks to the Beer-Lambert law, according to which the logarithm of the optical transmission, normalized to the transmission of the film in its metallic state, is proportional to the hydrogen concentration in the film, c H , times the film's thickness, d. Thus, ln͑T / T M ͒ ϰ c H · d. In a PTI the width of the pressure plateau, indicating the magnitude of the optical change occurring in the film upon hydrogen absorption, is therefore directly proportional to the film's thickness. Figure 1͑a͒ shows the isotherms obtained at 333 K for Ti-buffer samples, together with the results already obtained for Pd-capped ones. 7 The samples have the following geometries:
Ti-buffer= substrate/ Ti͑10 nm͒ / Mg͑z nm͒ / Ti͑10 nm͒ / Pd͑40 nm͒, Pd-capped= substrate/ Ti͑10 nm͒ / Mg͑z nm͒ / Pd͑40 nm͒, with z = 10, 20, 30, and 40 nm in both cases. The dashed line in Fig. 1͑a͒ represents the pressure at which the MgH 2 phase begins to nucleate in thick, bulklike Mg layers. 9 The insertion of a Ti layer drastically reduces the equilibrium pressure, leading to "quasifree" Mg. The equilibrium pressure of the Ti-buffered films is independent on the thickness of the Mg layers, indicating that surface energy effects, which would produce a thickness dependence similar to the one observed for the Pd-capped samples, are negligible. 10 The plateaus shown in Fig. 1͑a͒ , corresponding to the regions of the isotherms at almost constant pressure, have widths, w, expressed in terms of optical transmission and proportional to the nominal thickness of the Mg films, d Mg . In Pd-capped samples we found a relation of the type w = A͑d Mg − d 0 ͒, with d 0 Ϸ 6 nm. 7 These "missing" 6 nm are due to the formation of Mg-Pd alloy at the Mg/Pd interface. Figure 1͑b͒ shows the thickness dependence of the plateau width for both the Pd-capped 7 and the Ti-buffer samples. Although the nominal thickness of the Pd-capped and Ti-buffer samples is the same, the plateau width of the former ones is constantly larger: the presence of a Ti layer between Mg and Pd leads to a smaller d 0 , indicating either a reduction of interalloying or a smaller roughness at the Mg/Cap interface. A flatter interface in the Ti-buffer samples is reasonable, considering that Mg and Ti are thermodynamically immiscible, while Mg and Pd form stable intermetallic compounds for a wide range of compositions. Figure 2 shows the PTIs for four subsequent hydrogen loadings of a 20 nm thick Mg layer, both in the Pd-capped= Ti͑10 nm͒Mg͑20 nm͒Pd͑40 nm͒ and Ti-buffer= Ti͑10 nm͒Mg͑20 nm͒Ti͑10 nm͒Pd͑40 nm͒ geometries. The plateau width of the Pd-capped sample shrinks upon cycling indicating that the alloying between Mg and Pd, triggered by the absorption of hydrogen, continues even after the first hydrogen absorption. On the contrary in the Ti-buffer sample the Ti layer acts as a blocking barrier for atomic diffusion, preventing the formation of Mg-Pd alloy and resulting in pressure plateaus of practically constant width. The decrease in plateau pressure observed for the Pdcapped sample between the first and second cycle is most likely due to the partial release of stresses generated by the Pd clamping. Such relaxation is in fact absent in the Tibuffer sample. In Fig. 3 In conclusion, we have shown that it is possible to dramatically change the thermodynamic properties of a thin metallic film by means of very little changes in the architecture of the samples. Surface energy effects are to be ruled out as a possible source of destabilization in clamped Mg films. The insertion of a buffer layer suppresses the formation of Mg-Pd alloy at the Mg/Pd interface. This effect is responsible for the enhanced cycling stability and improved performances reported for buffer-layer-inserted switchable mirrors. [13] [14] [15] Our results provide insights into the microstructural, thermodynamic, and kinetic aspects of Pd-capped hydrogen-absorbing thin films used in technological applications, such as switchable mirrors 16 and optical hydrogen sensors. 17 This work is supported by the Technologiestichting STW, the Nederlandse Organisatie voor Wetenschappelijk Onderzoek ͑NWO͒ through the Sustainable Hydrogen Programme of ACTS and the Marie Curie Actions through the Project No. COSY:RTN035366.
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2 Baldi et al. Appl. Phys. Lett. 95, 071903 ͑2009͒ the wafer in order to write "H 2 ", finally 40 nm of Pd are added to protect the film from oxidation ͓Fig. 3͑a͔͒.
